숙신산에 의한 DRP1 인산화에 의해 유도되는 미토콘드리아 분절이 인간 중간엽 줄기세포 이동에 미치는 영향 by 고소희
 
 
저 시-비 리- 경 지 2.0 한민  
는 아래  조건  르는 경 에 한하여 게 
l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  
다 과 같  조건  라야 합니다: 
l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  
l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  
저 에 른  리는  내 에 하여 향  지 않습니다. 




저 시. 하는 원저 를 시하여야 합니다. 
비 리. 하는  저 물  리 목적  할 수 없습니다. 




숙신산에 의한 DRP1 인산화에 의해  
유도되는 미토콘드리아 분절이  




The role of succinate-induced  
DRP1-mediated mitochondrial fission in 








수의학과 수의생명과학 전공 







The role of succinate-induced 
DRP1-mediated mitochondrial 
fission in human mesenchymal 
stem cell migration 
 
So Hee Ko 
Major in Veterinary Biomedical science 
Department of Veterinary Medicine 
The Graduate School 
Seoul National University 
 
The roles of metabolites produced from stem cell metabolism 
alterations have been emerging as signaling molecules to regulate 
stem cell behaviors such as proliferation and migration. The 
mitochondrial morphology is closely associated with the metabolic 
balance and stem cell function. However, the physiological role of 
succinate on human mesenchymal stem cell (hMSC) migration by 
regulating the mitochondrial morphology remains unclear. Here, I 
ii 
 
investigate the underlying mechanism of succinate on the regulation 
of mitochondrial dynamic proteins and subsequent hMSC migration. 
Succinate (50 μM) significantly accelerated hMSC migration, which 
was inhibited by succinate receptor1 (gpr91) siRNA transfection. 
Succinate increased phosphorylation of pan-PKC, especially the 
atypical PKCζ level which was blocked by the knockdown of Gαq 
and Gα12.  Activated PKCζ subsequently phosphorylated p38 
MAPK, which was inhibited by staurosporine. Cytosolic DRP1 was 
phosphorylated by p38 MAPK and results in DRP1 translocation to 
the mitochondria outer membrane, eventually inducing mitochondrial 
fission. After mitochondrial fission, succinate increased ATP levels, 
the mitochondrial membrane potential (Δψm), and mitochondrial 
ROS (mtROS) and they were attenuated by drp1 gene silencing. 
Subsequently, the elevated mtROS levels activated Rho GTPases 
and induced F-actin formation. Furthermore, in a skin excisional 
wound model, I found effects of succinate-pretreated hMSC 
enhanced wound closure, vascularization and re-epithelialization 
which were attenuated by the silencing of drp1. In conclusion, 
succinates promote DRP1-mediated mitochondrial fission via 
GPR91-dependent PKCζ/p38 MAPK activation which stimulates 
iii 
 
hMSC migration through mtROS/Rho GTPase-induced F-actin 
formation. 
 
Keywords: Succinate, GPR91, Mitochondrial dynamics, DRP1, p38 
MAPK, ROS, Human mesenchymal stem cell 
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Stem cell metabolism delicately regulates the balance of the 
metabolic needs associated with the cellular state through aerobic 
glycolysis, glutamine catabolism, and de novo synthesis of fatty acid 
and lipids(Buravkova et al., 2014; Folmes and Terzic, 2016; Lee et 
al., 2015). Recently, TCA cycle metabolites such as fumarate and 
succinate have been widely reported to play an important role in 
maintaining stem cell function by adjusting their cellular 
ratios(Carey et al., 2015; Wanet et al., 2015). In addition to the 
metabolites that are used for cellular energy production, they role 
in cell-to-cell communication and sensing microenvironmental 
conditions to adapt(Wanet et al., 2015). Interestingly, metabolic 
intermediates have recently been found to have novel signaling 
functions, which have the potential to adjust stem cell behavior with 
regard to stem cell niche(Carey et al., 2015; TeSlaa et al., 2016). 
Stem cell niche, as most hypoxia, is closely associated with general 
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metabolic stress that is considered to be a mediator of hypoxia-
induced succinate accumulation(Ejtehadifar et al., 2015; Husted et 
al., 2017). Furthermore, succinate has been reported to regulate the 
stem cell functions under the cellular physiologic condition(Ariza et 
al., 2012; Haas et al.; He et al., 2004). Accordingly, succinate was 
reported not only to be central metabolites in the cellular energy 
metabolism but also to regulate cell functions by initiating the 
signaling cascade. Extracellular succinate binds to a G-protein 
coupled receptor that triggers signal transduction to initiate 
physiological response such as cell division, capillary formation, and 
migration(Ariza et al., 2012; Chouchani et al., 2014; Mills and 
O’Neill; Mu et al., 2017; Pell et al., 2016). Thus, the comprehensive 
roles of succinate and its specific receptor in stem cells need to be 
investigated as a bioactive molecule involved in the activation of 
stem cell functions to facilitate tissue regeneration during wound 
repair process. Although this area of research is burgeoning, still 
numerous limitations remain, including our incomplete 
understanding of stem cell metabolite that has functions both in 
vitro and in vivo. Hence, the comprehensive roles of succinate and 
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those mechanisms which regulates stem cell physiology need to be 
investigated(Ding et al., 2015; Maxson et al., 2012). 
 Mitochondria are well known organelles that tightly maintain 
cellular homeostasis by balancing energy production and in which 
metabolites can accumulate during this process. Mitochondria are 
widespread around the cytosol and regulate various physiological 
functions(Cherry et al., 2016). To adapt to a new metabolic milieu, 
mitochondria continuously change their morphology through the 
fusion and fission cycle, reciprocally responding to metabolic 
alterations (Benard et al., 2011; Nasrallah and Horvath, 2014; 
Schrepfer and Scorrano, 2016). Mitochondrial dynamics are 
involved in various cellular functions such as redox regulation and 
cell proliferation(Archer, 2013). Mitochondrial fission is mostly 
mediated by GTPase activity on dynamin-related protein 1 (DRP1), 
and consequently, DRP1 translocates from the cytosol to the 
mitochondrial outer membrane region. On the other hand, 
mitochondrial fusion is mediated mainly by the optic atrophy 1 
(OPA1) located on the mitochondrial outer membrane and 
mitofusion 1/2 (MFN1/2) located on the inner membrane(Cho et al., 
2013). Although the importance of balancing the mitochondrial 
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morphology through mitochondrial dynamics is now understood, 
there is any little knowledge about the mitochondrial dynamics 
involved in stem cell migration. Many studies have shown that 
mitochondrial fission is observed in regions with high levels of 
energy demand, such as the axon growth axis and during oocyte 
maturation and cell migration(Kim et al., 2014; Yu et al., 2010). The 
shape and activities of proteins related to mitochondrial dynamics 
are mediated by post-translational modifications such as 
phosphorylation. Thus, efforts have been made to discover the 
upstream regulator of mitochondrial dynamics proteins, highlighting 
the emerging significance of mitochondria in stem cells(Prieto et al., 
2016).  
Human mesenchymal stem cells (hMSCs) have emerged in clinical 
applications due to their ability to differentiate into multi-lineage 
cell types such as chondrocytes, osteoblasts, and 
adipocytes(Murphy et al., 2013). In addition to their ability to self-
renewal and less immunogenicity compared to other stem cells, 
hMSCs have been widely used. They also offer their financial 
advantages, availability and less ethical concerns compared to 
embryonic stem cells(Hsieh et al., 2013; Todeschi et al., 2015). For 
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these reasons, understanding and manipulating the metabolic 
regulations of hMSC can provide strategy for enhancing beneficial 
properties and safety to hMSC clinical applications. The present 
study aims to investigate the effects of succinate on hMSC 
mitochondrial dynamics and its related signaling pathways in hMSC 
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MATERIALS AND METHODS 
 
1. Materials 
 hMSCs were provided from the Medipost, Co. (Seoul, Korea). Fetal 
bovine serum was purchased from Bio Whittacker (Walkersville, 
MD, USA). The following antibodies were purchased: F-actin, 
phospho-PKC, phospho-DRP1, Gαq, Gαi and Gα12 antibodies 
(Cell Signaling Technology, Danvers, MA, USA); Cdc42, Rac1 and 
RhoA antibodies (BD Biosciences, Franklin Lakes, NJ, USA); DRP1, 
OPA1, Fis1, MFN2, p-ERK, p-JNK, ERK, JNK, GPR91, PKCδ, 
PKCε, PKCθ, PKCζ, profilin-1, phospho-cofilin1, cofilin1, β-
actin and and β-tubulin antibodies (Santa Cruz Biotechnology, 
Paso Robles, CA, USC); COX IV antibody (Abcam, Cambridge, 
England); MFN2 antibody (Proteintech, Wuhan, China); Horseradish 
peroxidase (HRP)-conjugated goat anti-rabbit IgG (Jackson 
Immunoresearch, West Grove, PA, USA). Succinate, staurosporine, 
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NAC and mitomycin C were obtained from Sigma Chemical Company 
(St. Louis, MO, USA).  
 
2. Cell culture 
 hMSC were cultured in α-minimum essential medium (Thermo, 
MA, USA) with 1% antibiotics (penicillin/streptomycin) and 10% 
FBS. Cells were grown at 37˚C with 5% CO2 in the incubator. 
When cells were grown 70% confluence, the medium was replace 
with serum-free medium excluding all supplements at 24 hr before 
experiments. 
 
3. Mouse excisional wound splinting model 
 Eight-week-old male ICR mice were used. All animal procedures 
were performed with following the National Institutes of Health 
Guidelines for the Humane Treatment of Animals, with approval 
from the Institutional Animal Care and Use Committee of Seoul 
National University. Mice were anesthetized deeply with 3% 
isoflurane in a mixture of N2O/O2 gas (Suh and Han, 2015; Wang et 
al., 2013). To test the functional role of hMSCs pretreated with 
succinate, the mice were randomly divided into four groups: wild-
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type mice that were treated with vehicle (group 1, n=6) or 50 μM 
succinate (group 2, n=6); hMSCs skin implantation group mice that 
were given succinate-stimulated hMSC (group 3, n=6) or that 
were given only hMSC (group 4, n=6). To determine the role of 
DRP1 in migration of hMSC to wound area for cutaneous 
regeneration, the mice were grouped into hMSCs transfected with 
drp1 siRNA with (group 5, n=6) / without (group 6, n=6) succinate 
stimulation or non-targeting (nt) siRNA with (group 7, n=6) / 
without (group 8, n=6) succinate pretreatment. The back was 
shaved, sterilized with povidone iodine followed by 70% ethanol. 
The wound was created with using a 6 mm diameter sterile biopsy 
punch surgically. The hMSCs were pretreated with 50 μM 
succinate for 24 hr before the skin implantation. In the cell-treated 
group, 1 × 106 hMSC in 100 μl saline were injected into the 
dermis at three sites around the wound. After the cell 
transplantation, splints were placed around the wounds (with glue 
and several stitches) and then wounds were dressed with 
Tegaderm (3M, London, ON, Canada) sterile transparent dressing. 
Mice were placed in individual cages in a clean facility. Images of 
wound were acquired on day of 0, 5, 7 and 9 with a digital camera 
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system (40D, Canon, Tokyo, Japan) at the same distance (30 cm). 
At day 9, the wound tissues were embedded in OCT compound 
(Sakura, Finetek, Torrance, CA, USA) stored at -70℃, cut 6-
μm-thick frozen sections using cryosectioning machine and 
mounted on SuperFrost Plus slides (Thermo Fisher Scientific, 
Waltham, MA, USA) for haematoxylin and eosin (H&E) staining and 
immunohistochemistry. 
 
4. Small interfering (si)RNA transfection  
Cells were grown in 70% confluence and transfected for 24 hr with 
drp1, Gαq, Gαi, Gα12, RhoA, Rac1, and Cdc42 siRNA (25 nM; 
Dharmacon, Lafayette, CO, USA) or nt siRNA as a negative control 
using Turbofect Transfection reagents (Thermo Fisher Scientific, 
Waltham, MA, USA) according to the manufacturer’s instructions.  
 
5. Wound-healing migration assay 
 Cells were seeded at 4 × 103/μl in the both silicone reservoirs of 
35-mm dishes (Ibidi, Martinsried, Germany). When cells were 
grown around 90% confluence, the medium was replace with 
serum-free medium. After 24 hr incubation, the silicone reservoirs 
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were carefully removed with sterile forceps for allowing the wound 
field. The cells were incubated another 24 hr with succinate and/or 
siRNA transfection and were incubated with phalloidin. Then the 
cells stained with phalloidin were visualized with an Olympus 
FluoViewTM (Olympus, center Valley, PA, USA) 300 confocal 
microscope with 80× objective. 
 
6. OrisTM cell migration assay 
 Cells were seeded at 3 × 103 cells/100 μL in OrisTM well 
(Platypus Technologies, Fitchburg, WI, USA) and were incubated 
for 24 hr to permit cell adhesion. When cells were grown 80% 
confluence, inserts were carefully removed, then cells were 
incubated with succinate (50 μM) and serum-free medium. After 
incubation, cells were stained with 5 μM calcein AM for 30 minutes 
and migrated cells were quantified by fluorescence signals 
measurement using Victor3 luminometer (PerkinElmer, Inc., 
Waltham, MA, USA) at excitation and emission wavelengths of 
485nm and 515nm. 
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7. Reverse transcription polymerase chain reaction 
and real-time PCR 
 The hMSC RNA were extracted with the RNeasy Plus Mini Kit 
(QIAGEN, Valencia, CA, USA). Reverse transcription was 
performed with 3μg of RNA using a Maxime RT premix kit 
(iNtRON biotechnology, Seongnam, Korea). Real-time 
quantification of RNA targets was performed with Rotor-Gene 
6000 thermal cycling system (Corbett Research, NSW, Australia) 
using QuantiTect SYBR green PCR kits (QIAGEN). The reaction 
mixture (20 μl) contained 200ng of RT products, 0.05μM of each 
primer, and appropriate amounts of enzymes and fluorescent dyes 
according to a manufacturer’s instructions (Table 1). The 
fluorescent intensity was acquired during the extension step and 
melting curve analysis was performed to compare the expression of 





- 12 - 
 
 
Table 1. Sequences of primers used for RT-PCR 





















8. Western blot analysis 
 Harvested cells were lysed with RIPA lysis buffer for 30 min on 
ice. Protein concentration was determined by the Bradford method. 
Equal amounts of protein (20 μg) were resolved by 10% sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
and were transferred to polyvinylidene fluoride membranes. 
Membranes were incubated with indicated antibody followed by ECL 
treatment for detecting signals. The results were analyzed by 
optical density using Image J program.   
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9. Mitochondrial morphology analysis 
 According to the manufacturer’s instructions, cells were cultured 
in confocal dish and incubated with Mitotracker Green FM (200 nM) 
for 30 min at 37 ˚C incubator. After incubation, cells were washed 
with pre-warmed media. Mitotracker Green-stained cells were 
visualized with confocal microscopy (× 400). Quantitative analysis 
of mitochondrial morphology was performed by using FIJI software. 
Mitochondrial morphology analyzed after thresholding. Individual 
mitochondria particles analyzed for circularity (Form factor = 
(perimeter)2 / (4π * area)) and lengths ratio of major and minor 
axes. Form factor (FF) indicates mitochondrial length and branching 
and Aspect ratio (AR) imply length of the mitochondria. When FF 
and AR both increase, the mitochondria morphology becomes 
branched and elongated (Trudeau et al., 2011).  
 
 
10. Measurement of calcium influx 
Fluo-3AM which dissolved in dimethylsulfoxide were used to 
detect the intracellular Ca2+ levels. Cells in 35-mm confocal dish 
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were washed with PBS solution and incubated with a bath solution 
including 2 mM Fluo-3AM for 1 hr. After Fluo-3AM staining, Cells 
were washed twice with PBS solution and scanned with Olympus 
FluoViewTM 300 confocal microscope with 300 × objective.  
 
11. ATP assay 
The intracellular ATP was measured with ENLITEN® ATP assay kit 
(Promega, Madison, WI, USA) according to manufacturer’s 
instructions. Briefly, cells were boiled with lysis buffer at 100˚C 
for 5 min. Then the cell lysate centrifugated at 15,000rpm for 2 min. 
The extraction was collected and kept on ice. The same volume of 
the lysate and rL/L reagent incubated in the 96-well-plate. ATP 
concentration was normalized with ATP standard curve using ATP 
standard solution (10 μM).  
 
12. Affinity precipitation  
 Activated RhoA, Rac1 and Cdc42 were detected with an affinity 
precipitation assay kits (EMD Millipore, Billerica, MA, USA) 
according to manufacturer’s instructions. Lysed cells were 
incubated for 1 hr with agarose bead coupled with Rho-binding 
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domain of rhotekin (GST-Rhotekin-RBD) or Rac/Cdc42-binding 
domain (GST-PAK-PBD). After the incubation, agarose bead 
coupled with the lysate were eluted with 2× laemmli sample buffer 
and analyzed with western blot using RhoA, Rac1 and Cdc42 
antibodies, respectively.  
 
13. Co-immunoprecipitation (IP) 
 Cells lysed with the IP buffer (200 μg) were mixed with 10 μg 
of DRP1 antibody. The cell lysates were incubated for 4 hr with the 
antibody and then next 24 hr with the protein A/G PLUS-agarose 
immunoprecipitation reagent (Pierce, Rockford, IL, USA). After 
incubation, the beads were washed twice with IP buffer, and the 
bound proteins were eluted by sample buffer for 5 min. Samples 
were analyzed by western blotting with DRP1 and p-p38 antibodies.  
 
14. Mitochondria membrane potential  
The mitochondria membrane potential was evaluated with TMRE 
staining (abcam, Cambridge, U.K) according to the manufacturer’s 
instructions. Cells were stained with TMRE (200 nM) with 5% CO2 
at 37 ˚C incubator for 30 min. CCCP (20 μM) were used as 
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negative control. After incubation, cells were washed with PBS 
solution. The intensity of TMRE staining was determined using flow 
























1. Succinate-pretreated hMSC promotes Skin Wound 
Healing in a Mouse Model 
Because the GPR91 stimulating dose range by succinate differs 
from the cell types, I tested the enhancing effect of succinate on 
stem cell motility in a dose and time dependent manner. hMSCs 
were treated with various concentrations (0-500 μM) for 24 hr, 
and it was found that 50 to 500 μM of succinate increased stem 
cell migration (Fig. 1A). Stem cell motility was significantly 
increased after 24 hr succinate treatment (Fig. 1B). Additionally, 
mitomycin C (1 μg/mL) which inhibits the cell cycle did not affect 
succinate-induced stem cell motility suggesting the effect of 
succinate via GPR91 signaling independent of hMSC proliferation 
(Fig. 1C). To examine the effects of succinate on hMSC during skin 
wound healing, mice were divided into four groups: Vehicle, 
succinate, hMSC and hMSC with succinate, these were injected at 
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the wound areas separately. Succinate is thought to accelerate 
tissue regeneration with hMSC when exposed to wound sites 
separately. The sizes of the wound site were measured on days 0, 5, 
7 and 9 until epithelialization was almost complete in the hMSC 
treatment group with succinate pretreatment. The wound area of 
the hMSC, succinate and succinate pretreated hMSC groups were 
significantly decreased compared to the vehicle. At day 9, I 
observed a significant wound size changes in the order of hMSC 
with succinate, hMSC alone, succinate and vehicle (Fig. 2A). In the 
wounds of hMSC and succinate alone groups, there were thin blood 
vessels and un-matured branches observed. However, in 
succinate-pre-stimulated hMSC-transplanted wound healing areas, 
thick blood vessels with finely branched vessels were observed in 
proximity to the wounds (Fig. 2B). A histological examination on 
day 9 showed that the wound sites of the succinate alone and hMSC 
alone groups were covered with epithelium, however, it was 
observed for the hMSC-treated group that the sites were filled with 
more granulation cells. Furthermore, succinate pretreated hMSC 
wound sites were completely re-epithelialized and covered with 
granulation tissue (Fig. 2C). Through these results, succinate 
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Figure 1. Effect of succinate on hMSC migration (A) Dose responses of succinate 
for 24 hr in Oris™ cell migration assay were shown. Data represent mean ± S.E. 
n=4, *p<0.05 versus control. (B) Time responses of succinate in Oris™ cell 
migration assay were shown. Data represent the mean ± S.E. n=4. * p <0.05 
versus control. (C) Effect of mitomycin C in succinate-induced hMSC migration. 
Cells treated with mitomycin C (1 μg/ml) for 90 min before succinate exposure. 
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Figure 2. Effect of succinate on skin wound healing in vivo. (A) Mouse excisional 
wound splinting model were used to determining the effect of succinate on hMSC 
migration. Wounds were surgically made by 6-mm-diameter biopsy punch. 
Experimental animal were divided into four groups; control group (n=6), succinate 
group (n=6), hMSCs (1 × 106 cells) group (n=6), and succinate pre-stimulated 
hMSCs (1 × 106 cells) group (n=6). The representative images of skin wounds at 
days 0, 5, 7, and 9 are shown (left panel). Determining wound healing by assessing 
the percentage of wound closures relative to original wound size. Data represent 
means ± S.E. n=6. *p<0.05 versus control, #p<0.05 versus hMSCs alone (right 
panel). (B) The representative images of vascularity wound area at day were 
shown. Data represent means ± S.E. n=6. *p<0.05 versus control, #p<0.05 versus 
hMSCs alone. (C) Representative images of H&E tissue staining at day post 
wounding were shown. n=6. Scale bars=200 μm or 100 μm, magnification; ×40 
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2. Succinate Induces hMSC migration through 
GPR91-mediated PKC activation 
 
 To investigate the succinate-induced DRP1 phosphorylation 
signaling cascade, I hypothesized that succinate signaling initiates 
from GPR91 activation. After treatment with 50 μM of succinate, 
GPR91 mRNA and protein expression levels were analyzed with 
real-time PCR and western blotting. Both GPR91 mRNA and protein 
expression increased, suggesting that the GPR91 receptor exists in 
hMSC and involves in cell signaling (Fig. 3A, B). Succinate-induced 
hMSC migration into the wound area was inhibited by gpr91 siRNA 
transfection (Fig. 3C). I carried out an OrisTM migration assay to 
quantify the succinate-induced stem cell migration, and gpr91 
siRNA attenuated succinate- induced hMSC migration (Fig. 3D). 
Succinate led to the detachment of Gαq, Gαi, and Gα12 subunits 
from GPR91, and I need to determine which subunits played 
functional roles in succinate-induced hMSC migration (Fig. 4A). To 
verify which Gα subunits are involved in succinate-induced hMSC 
migration, Gα subunit siRNA transfection revealed that F-actin 
reorganized via Gαq and Gα12 subunits (Fig. 4B). Consistently, 
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inhibition of Gαq and Gα12 by siRNA transfection suppressed 
succinate-induced cell migration in both in vitro wound healing 
assay and OrisTM cell migration assay (Figs. 4C, D). Succinate 
activated GPR91 to regulate PLC signaling and thus induce IP3 
accumulation, calcium mobilization and PKC activation (Mills and 
O’Neill). This motivated us to assess the level of PKC 
phosphorylation and the maximum phospho-pan PKC level was 
observed after 15 min of succinate treatment (Fig. 5A). To examine 
whether succinate increases Ca2+ influx further, Ca2+ was stained 
with Fluo-3AM. There was no change in the level of Ca2+ influx 
after succinate treatment while ionomycin (Ca2+ ionophore), as a 
positive control, drastically elevated Ca2+ influx (Fig. 5B). As Ca2+ 
was not involved in the phosphorylation of PKC, I examine Ca2+-
independent PKC expression in the Novel PKC (PKCδ, PKCε, and 
PKCθ) and the Atypical PKC (PKCζ) groups. Among Ca2+-
independent PKC samples, I observed only PKCζ translocated 
from cytosol to membrane after succinate treatment (Fig. 5C). The 
phosphorylation of PKC also depended on the regulation of Gαq and 
Gα12 (Fig. 6A).  
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Figure 3. Involvements of GPR91 in succinate-induced hMSC migration. (A) hMSC 
were treated with succinate (10 μM ) for 4 h and harvested for performing real-
time PCR. The bars represents the mean ± S.E. n=3. *p<0.05 versus control. (B) 
Succinate was treated to hMSC for 4 hr. After incubation, cells were harvested for 
elucidating the existence of GPR91 in hMSC and increase of GPR91 in hMSC after 
succinate treatment. Anti-GPR91 antibody were used for western blotting. Error 
bars represent ± S.E. n=3. *p<0.05 versus control. (C) To determine whether 
GPR91 involved in the succinate-induced hMSC migration, gpr91 siRNA were 
transfected. Cells were stained with phalloidin AlexaFlour 488 (Green) to identify 
the migrated cells. Scale bar=50 μm, magnification; × 80. (D) hMSC migration 
quantified with Oris™ cell migration assay was shown. Data indicate means ± S.E. 
n=4, *p<0.05 versus nt siRNA transfected cells, #p<0.01 versus succinate with nt 
























- 29 - 
 
Figure 4. Involvements of Gα complex in succinate-induced hMSC migration.  
(A) hMSC were treated with succinate for 5 min. The total lysates were used for 
immunoprecipitation with anti-Gαq, Gαi, and Gα12 antibody. (B) Gαq, Gαi, and 
Gα12 siRNA transfected to hMSC prior to treatment of succinate for 24 hr. Cells 
were harvested for western bloting using anti-F-actin antibody. Error bars 
represent the mean ± S.E. n=3. *p<0.01 versus control, @p<0.05 versus succinate 
treated cell. (C) Wound healing assay was performed to identify whether Gαq and 
Gα12 were involved in succinate-induced cell migration. Scale bar=50 μm, 
magnification; × 80. (D) Gαq and Gα12 mediated hMSC migration was quantified 
with Oris™ cell migration assay. Data represent means ± S.E. n=3, *p<0.05 
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Figure 5. Effect of succinate on PKC phosphorylation. 
(A) hMSC were treated with succinate for 0-60 min and cells analyzed by western 
blotting with anti-phospho PKC antibodies. Data represent means ± S.E. n=3, 
*p<0.05 versus control. (B) Cells were stained with Fluo-3AM for 1 hour and 
treated with succinate. Ionomycin (Ca2+ ionophore, 10 μM) were used as positive 
control. The changes of Fluo-3AM fluorescence were represented in relative 
fluorescence intensity (RFI, F/F0%, arbitrary unit). (C) Cells were treated with 
succinate for 15 min and harvested for cytosolic/membrane fractionation. 
Translocation of PKC detected with novel PKC and atypical PKC antibodies. The 
pan-cadherin was used for plasma membrane control. Error bars represent means 



































- 33 - 
 
Figure 6. Involvements of Gα complex in succinate-induced PKC activation. 
(A) Cells were transfected with Gαq, Gαi, and Gα12 siRNA for 24 hr before 
succinate treatment. hMSC was treated with succinate and harvested for western 
blot analysis with detecting p-pan PKC. Error bars represent the means ± S.E. 
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3. Succinate-Induced p38 Activation by PKC Involved 
in DRP1 phosphorylation 
 
 To investigate the succinate effect through GPR91, I examined 
GPR91 downstream kinase cascade and mitogen activated protein 
kinase (MAPK) signaling pathway. Among MAPKs, p38 activation 
increased in a time-dependent manner, especially 4 hr after 
succinate treatment (Fig. 7A). To examine whether PKC activation 
is involved in the succinate-induced p38 activation, I treated 
staurosporine (PKC inhibitor) which blocked the phosphorylation of 
p38 (Fig. 7B). To demonstrate the effect of succinate on 
mitochondrial dynamics related protein expression, I examined 
mRNA expression of succinate-induced mitochondrial dynamics 
related proteins. There is no significance change of mitochondrial 
dynamic related protein mRNA expression indicating that there is 
post translational modification on the protein (Fig. 8A, B). I 
demonstrated that succinate promoted a binding interaction between 
DRP1 and phospho-p38 compared to control (Fig. 9A). 
Consistently, confocal microscopy analysis revealed that DRP1 and 
p38 co-localizations were increased after succinate treatment to 
- 35 - 
 
hMSCs compared to the control (Fig. 9B). SB203580 (p38 inhibitor) 
blocked DRP1 phosphorylation at Ser 616 (Fig. 9C). The 
translocation of DRP1 from cytosol to mitochondria was also 
decreased by SB203580 in the hMSCs pretreated with succinate 
(Fig. 9D). To confirm that p38-induced DRP1 phosphorylation is 
related to hMSC migration, I observed that p38 inhibitor 
significantly blocked succinate-induced hMSC migration in Ibidi 
wound healing assay and OrisTM migration assay (Figs. 10A, B). To 
elucidate the role of DRP1 in the succinate-induced hMSC 
cytoskeleton reorganization, drp1 siRNA was transfected into hMSC, 
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Figure 7. Effect of succinate on p38 MAPK activation.  
(A) hMSCs were treated with succinate for 0-12 hr and then harvested for 
western blotting to show the phosphorylation of MAPKs. The bars next part of the 
panel indicate the mean ± S.E. n=4, *p<0.05 versus 0 time. (B) Cells were 
treated with staurosporine (10 μM) for 30 min prior to succinate (50 μM) 
exposure for 12 hr. Phosphorylation of PKC in cells treated with succinate is 
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Figure 8. Effect of succinate on mitochondrial dynamics-related proteins. 
(A) Cells were pretreated with succinate for 12 h and then RNA extraction was 
carried out. Mitochondrial dynamics protein levels were determined with real-time 
PCR. The bars represents the mean ± S.E. n=4. N.S means ‘not significant’.  
(B) Succinate were treated for 0-24 h and cells were harvested for analyzing 
western blotting with anti-OPA1, MFN1/2, Fis1, p-DRP1, DRP1. The bars next to 
the panel indicated mean ± S.E for three experiments for each condition which is 
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Figure 9. Succinate-induced p38 MAPK activation regulates DRP1 phosphorylation.  
(A) Cells treated with succinate for 12 hr and the total lysate were used for 
performing immunoprecipitation using normal rabbit IgG or p-p38 antibody to 
determine the protein binding. The bars below part of the panel represent the mean 
± S.E. n=4, *p<0.05 versus control. (B) hMSC were treated with succinate (50 
μM) for 12 hr. The co-localization of DRP1 (green) with p-p38 (red) was 
determined by confocal microscopy using immunofluorescence staining. Scale 
bars=50 μm, magnification; × 200 (C) hMSC pretreated with/without SB203580 
(1 μM) for 30 min, and then exposed to succinate (50 μM) for 12 hr. The cell 
lysates were analyzed with western blotting, and detected with phospho-DRP1 Ser 
616 antibody. The bars below part of panel denote mean ± S.E. n=3, *p<0.05 
versus control, #p<0.05 versus succinate alone. (D) Cells were pretreated with 
SB203580 before succinate treatment for 12 hr and lysate was performed for 
mitochondrial fractionation. COX IV was used as mitochondria marker and β-
tubulin was used for cytosolic marker. The bars below part of the panel indicate 
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Figure 10. Succinate-induced p38 activation involves in hMSC migration. 
(A) Cells were pretreated with SB203580 prior to succinate treatment for 24 hr. 
After incubation, wound healing assay performed with phalloidin staining to 
identified migrating cell. Scale bar=50 μm, magnification; × 80. (B) Migrated 
cells were quantified with Oris™ migration assay. Data represent the mean ± S.E. 
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Figure 11. Effect of succinate-induced DRP1 phosphorylation on hMSC migration. 
(A) drp1 siRNA transfected in hMSC before succinate treatment for 24 h. After 
incubation with succinate, cells were analyzed by western blotting with anti-F-
actin antibody. The bars next part of the panel represents the mean ± S.E. n=6, 
*p<0.05 versus ntsiRNA, #p<0.05 versus succinate with nt siRNA. (B) Cells were 
cultured in ibidi confocal dish and transfected with drp1 siRNA. Then cells were 
stained with phalloidin and observed with confocal microscopy. Scale bar=50 μm, 
magnification; × 80. (C) Migrated cells were quantified with Oris™ migration 
assay. Data represent the mean ± S.E. n=3, *p<0.05 versus control, #p<0.05 
versus succinate with nt siRNA. (D) Succinate were treated for 24 h and cells 
were immunohistochemistry with F-actin (green), DAPI (blue) and COX IV (red) 
antibodies and the staining was observed with confocal microscopy. Representative 
confocal images were shown determined by at least 10 images from three 
independent experiments. The intensity graph next to confocal images indicates 
the distribution of F-actin (green) and COX IV (red) and observed that F-actin 
and COX IV co-localized with a great portion of intensity after succinate treatment, 
which attenuated the ratio of co-localization in drp1 siRNA transfected hMSC. At 
least 20 to 30 cells were analyzed from three independent experiments. Scale bar 
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4. DRP1-mediated Mitochondrial Fission Enhanced 
Mitochondrial Function 
 
 To determine whether mitochondrial dynamics is involved in 
succinate-induced hMSC migration, mitochondria were stained with 
MitoTracker Green and observed with confocal microscopy. 
Mitochondrial length was divided into three categories: >3 μm, 2-3 
μm, and <2 μm. After succinate treatment, mitochondria were 
observed significantly fragmented compared to the control, and 
SB203580 treatment changed mitochondria morphology from 
fragmented to intermediate or elongated shape. In addition, the 
effects of succinate on mitochondrial morphology were analyzed 
with the AR and FF. After 24 hr succinate treatment, both AR and 
FF values were decreased by succinate treatment and the values 
were return to control levels after SB203680 treatment (Fig. 12A). 
I subsequently determined whether mitochondrial fission by 
succinate treatment affects the mitochondrial functions. After 24 hr 
succinate treatment, total ATP levels were significantly increased 
(612%) compared to the control (Fig. 13A). I confirmed that drp1 
siRNA transfection attenuated succinate-induced ATP levels to the 
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control levels (Fig. 13B). To determine whether succinate-induced 
ATP was related to mitochondrial ATP, I treated Oligomycin which 
inhibits mitochondrial F1F0-ATPase. Oligomycin downregulated 
succinate-induced ATP levels to the control level confirming that 
succinate-induced hMSC ATP enhancement was associated with 
mitochondrial ATP production (Fig. 13C). In addition, Oligomycin 
treatment attenuated succinate-induced F-actin formation (Fig. 
13D). Succinate also increased mitochondrial membrane potential 
(Δψm) consistent with ATP levels, and this was attenuated when 
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Figure 12. Effect of succinate on hMSC mitochondria morphology. 
(A) hMSC was pre-treated with SB203580 and then exposed to succinate (50 
μM) for 12 hr and then loaded with MitoTrakcer Green (200nM). Representative 
images were obtained by confocal microscopy. The individual mitochondrial length 
was assessed, classified into three different categories and quantified as 
percentage. Data denote mean ± S.E. n=10. Scale bar = 50 μm, magnification; × 
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Figure 13. DRP1-mediated mitochondrial fission enhances mitochondrial ATP 
production. 
(A) After incubation of hMSC with/without succinate (50 μM) for 0-24 hr, cells 
were lysed and reacted with ATP luciferase reagent. Then ATP levels were 
detected with luminometer. Data represents mean ± S.E. n=6. *p<0.05 versus 
control. (B) Cells were transfected with drp1 siRNA prior to succinate (50 μM) 
treatment for 24 hr. Total cellular ATP levels were analyzed using ATP assay kit 
to detect luminescent ATP. Data represents mean ± S.E. n=6. *p<0.05 versus nt 
siRNA, #p<0.05 versus succinate with nt siRNA. (C) hMSCs were pretreated with 
oligomycin (1 μM) for 1 hr before succinate (50 μM) treatment for 24 hr. Total 
ATP levels were represents mean ± S.E. n=6. *p<0.05 versus control, #p<0.05 
versus succinate. (D) hMSC were treated with Oligomycin (1 μM) for 1 hr prior 
to expose to succinate (50 μM) for 24 hr. Cells were harvested subjected to 
western blot and detected using F-actin antibody. Data represents ± S.E. n=3, 















Figure 14. DRP1-mediated mitochondrial fission enhances mitochondria membrane 
potential. 
(A) hMSCs were treated with succinate (50 μM) for the indicated time, and 
mitochondrial membrane potential was assessed by TMRE staining. Cells were 
transfected with nt siRNA or drp1 siRNA and then treated with succinate for 24 hr. 
mitochondrial membrane potential stained with TMRE was measured using FACS 
analysis (total cell counts = 5000 cells). CCCP was used for negative control. The 
bars next to the panel represents ± S.E., n=3, *p<0.05 versus control + nt siRNA. 
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5. Succinate-Induced mtROS Enhanced F-actin 
Reorganization through Rho GTPase Activation 
 
Increased mitochondrial respiration induces ROS production in 
various cells. Therefore, I confirmed succinate-induced ROS 
production using DCF-DA to detect the total cellular ROS level. 
After succinate treatment, ROS production was increased in a time-
dependent manner (Fig. 15A). Generally, ROS was made from 
mitochondria and NADPH oxidase which can be inhibited by 
mitoTEMPO and VAS2870 respectively and N-acetylcysteine 
(NAC) can attenuate all two sources of ROS (Holmström and Finkel, 
2014). My data showed succinate-induced ROS was inhibited by 
NAC and mitoTEMPO, indicating that the mitochondria were the 
major source of succinate-induced ROS production (Fig.15B). 
Additionally, drp1 siRNA transfection attenuated mtROS, indicating 
ROS generated during DRP1-mediated mitochondrial fission (Fig. 
15C). ROS is widely known to enhance cytoskeleton reorganization, 
accordingly, I investigated the effect of mtROS on the cytoskeletal 
dynamic-related small GTPases. Affinity precipitation for Rho 
GTPases revealed that the activities of RhoA, Rac1 and Cdc42 were 
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increased by succinate treatment in a time dependent manner (Fig. 
16A). To determine whether mtROS affected to Rho GTPases, cells 
were treated with mitoTEMPO, resulting in downregulation of RhoA, 
Rac1 and cdc42 (Fig. 16B). Consistently, RhoA, Rac1 and Cdc42 
siRNA significantly blocked the succinate-induced p-cofilin and 
profilin activation, which responsible for cell motility. (Fig. 16C). In 
addition, RhoA, Rac1 and Cdc42 siRNA transfection consequently 
suppressed hMSC migration to denuded area (Fig.17A) and in 
OrisTM migration assay (Fig. 17B). RhoA GTPase siRNA 
transfection significantly attenuated F-actin protein expression 
(Fig. 17C). These results demonstrated that increase of mtROS 
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Figure 15. Involvement of mtROS in succinate-induced DRP1 phosphorylation.  
(A) hMSCs were treated with succinate (50 μM) for 0-24 hr and incubated with 
DCF-DA for 30 min to detect ROS using luminometer. *p<0.01 versus control. (B) 
hMSC was pretreated with NAC (1 mM), mitoTEMPO (20 μM) and VAS2870 (10 
μM) for 30 min and incubated with succinate (50 μM) for 24 hr. Then hMSC was 
stained with DCF-DA and ROS levels were measured using luminometer. *p<0.01 
versus control, #p<0.05 versus succinate. (C) hMSC was transfected with drp1 
siRNA and treated with succinate for 24 hr. The bars denotes ± S.E., n=6, 
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Figure 16. Involvement of mtROS in succinate-induced F-actin formation.. 
(A) Cells were treated with succinate for 0-24 hr. AP were performed and Rho 
GTPases were detected with western blot analysis. (B) hMSCs treated with 
mitoTEMPO (20 μM) prior to expose to succinate for 24 hr. Then cells were 
analyzed with AP. (C) Cells were transfected Rho GTPases siRNA and then treated 
with succinate for 24 hr. Western blot performed to detect profilin, p-cofilin and 
cofilin protein expression. Error bars denote ± S.E. n=3, *p<0.05 versus control, 
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Figure 17. Effect of succinate on hMSC F-actin formation. 
(A) hMSC was cultured with ibidi dish and transfected with RhoA, Rac1,and Cdc42 
siRNA prior to 24 hr succinate treatment. And cells were stained with phalloidin 
and observed with confocal microscopy. (B) Rho GTPases siRNA-transfected cell 
was incubated with succinate for 24 hr and the hMSC migration were quantified 
with Oris™ migration assay. Data represent the mean ± S.E. n=4, *p<0.05 versus 
nt siRNA alone, #p<0.05 versus succinate with nt siRNA. (C) Rho GTPases siRNA 
transfected cells were treated for 24 hr and F-actin protein expression detected 
with western blotting. Error bars represent means ± S.E. n=3, *p<0.05 versus nt 
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6. Succinate-Induced DRP1 Mediated Mitochondrial 
Fission Involved in Skin Regeneration Processes  
 
 To confirm the role of DRP1 on succinate-induced stem cell 
migration, hMSC was transfected with drp1 siRNA or nt siRNA. As 
a results, hMSC with the vehicle and with the succinate were 
significantly decreased the size of the wound area on days 5 and 7. 
To verify the role of succinate during hMSC migration reciprocally 
DRP1-mediated mitochondrial fission, drp1 siRNA was transfected 
into hMSCs showed considerably delayed cutaneous wound curing 
compared to the vehicle (Fig. 18A). Simultaneously, the effect of 
succinate pretreatment on the degree of vascularization was 
significantly attenuated in drp1 siRNA transfected hMSCs, as 
observed in thin and unmatured blood vessel branches (Fig. 18B). A 
histological examination at day 9 showed that the wound healing 
was extremely delayed in hMSC+drp1 siRNA treated mice group 
despite succinate treatment, whereas, hMSC+nt siRNA+succinate 
treatment led to almost completely recover with thick cornified 
epidermis (Fig. 18C). Concurrently, hMSC+succinate+nt siRNA 
treated mice group showed significantly increased numbers of cells 
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that migrated to the wound area for skin regeneration. However, the 
mice group treated with hMSC with drp1 siRNA transfection 
showed failed stem cell transplantation with a failure to migrate to 































Figure 18. The role of DRP1 on skin wound healing in vivo. (A) Representative 
gross images of skin wound healing at day 0, 5, 7, and 9 are shown. Mouse skin 
wounds were surgically made by 6-mm-diameter biopsy punch and treated with 
hMSC + nt siRNA + vehicle, hMSC + nt siRNA + succinate, hMSC + drp1 siRNA 
+ succinate or hMSC + drp1 siRNA + vehicle, respectively. (left panel) 
Determining wound healing by assessing the percentage of wound closures relative 
to original wound size. Data represent means ± S.E. n=6. *p<0.05 versus nt 
siRNA, #p<0.05 versus drp1 siRNA + succinate (right panel). (B) The quantified 
vascularity wound area at day 9 were shown. Data represent means ± S.E. n=6. 
*p<0.05 versus hMSC with nt siRNA, #p<0.05 versus hMSC with nt siRNA and 
succinate. (C) Representative wound tissues stained with H&E at day 9 were 
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shown. n=6, Scale bars=200 μm or 100 μm, magnification; ×40 or ×100 
respectively. (D) Engraftment of hMSCs on wound at day 9 was observed by using 
confocal microscopy. Human nuclear antigen (HNA, green) was used for hMSC 
nuclear staining. Propidium iodide (PI, red) was used for nuclear counter staining, 
Scale bars=100 μm, magnification; × 100.  
 
 




Figure 19. Schematic diagram for the effect of succinate on hMSC migration through 
mitochondrial fission.  
 





In present study, I demonstrated that underlying molecular 
mechanism of mitochondrial fission by succinate is closely 
associated with hMSC motility and that pretreatment of succinate 
enhanced hMSC migration in skin wound healing in vivo. Succinate 
is a charged molecule, therefore it binds to its specific receptor, 
GPR91, under a physiological pH (He et al., 2004). The 
physiological response to succinate varies depending on its 
concentration. In previous reports, a high succinate concentration 
(10 mM) with prolonged incubation induced cell apoptosis, whereas, 
a succinate concentration at the physiological level played an 
essential role in hepatic stellate cell (HSC) regeneration through 
the GPR91 signaling pathway (Hamel et al., 2014; Li et al., 2015), 
indicating that ex-vivo stimulation with hMSC can be a target to 
promote the wound healing process. I also confirmed the importance 
of an adequate succinate concentration (50 μM) and time (24 h) on 
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the enhancement of hMSC motility at physiological level. GPR91 
interacts with various G proteins, including Gαi or Gαq and triggers 
diverse pathways for each specific cell type (Rubic et al., 2008), 
accordingly which G protein is interacted with GPR91 in hMSC 
should be elucidated. I clearly demonstrated that GPR91 activation 
occurred through Gαq and Gα12. An earlier study showed that Gαq 
and Gα12 double-knock out mouse embryos died in utero, although 
an individually deficient mouse survived, suggesting that Gαq and 
Gα12 play pivotal roles in cell functions via their interactive actions 
(Gao and Kapusta, 2015; Gu et al., 2002). GPR91 becomes 
activated depending on Gαi through Ca
2+ upregulation, which 
consequently activates PLC to activate PKC in HEK293 cells 
(Sundström et al., 2013). In contrast, in my study, succinate did not 
alter Ca2+ mobilization and Gαq and Gα12 siRNA transfection 
attenuates the phosphorylation of PKC. Among the novel and 
atypical types of PKC which are unassociated with intracellular Ca2+ 
signaling, PKCζ was translocated from the cytosol to the 
membrane by succinate. Gαq has been identified as a scaffold 
protein that directly interacts with close proximity to PKCζ 
activation to transduce extracellular signaling via ERK5 activation 
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(Garcia-Hoz et al., 2010). Furthermore, stromal cell-derived 
factor-1 (SDF-1) induces hMSC migration through p38 MAPK, 
indicating that MAPK can be a targeted downstream effector of 
PKCζ (Ryu et al., 2010). Moreover, GPR91 activation induced 
VEGF release mediated p38 MAPK signaling in RGC-5 cells (Hu et 
al., 2015). Consistent with these results, my data showed that 
staurosporine significantly decreased p38 MAPK phosphorylation 
suggesting that succinate induces p38 MAPK via Gαq and Gα12 
dependent PKC activation.   
It has been reported that mitochondrial dynamics can tightly 
regulate cellular bioenergetic roles and homeostasis (Benard et al., 
2011; Nasrallah and Horvath, 2014). This prompted us to 
investigate the relevance of succinate and mitochondrial dynamics 
on hMSC migration. The regulation of mitochondrial morphology is 
associated with mitochondrial functions and is tightly regulated by 
the mitochondrial dynamics proteins . The mitochondrial dynamics 
protein expression level and post-translational modifications 
control the associated protein activities (Wang et al., 2012). My 
study demonstrated that there were no significance alterations of 
the mitochondrial dynamics protein mRNA expression levels, except 
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for the phosphorylation of the DRP1 protein at the Ser616 site 
(Figure 8). In addition, succinate-induced p38 MAPK 
phosphorylation directly activated DRP1, consequently induced 
mitochondrial fragmentation. Mitochondrial fission can be a double-
edged sword, when it occurs in a pathophysiological condition, 
resulting in energy production depletion and mitochondrial 
depolarization and causing mitochondria to undergo autophagic 
degradation (Jheng et al., 2012; Kim et al., 2016). On the other 
hand, in a physiological condition, fragmented mitochondria are 
distributed equitably in proliferative cells and are essential to 
maintain cell polarity and enhance mitochondrial respiration during 
the neuronal axon formation process (Archer, 2013; Cho et al., 
2013; Taguchi et al., 2007). Although several studies have shown 
that mitochondrial fission protein DRP1 plays roles in cell migration 
by increasing of mitochondrial respiration, the detailed molecular 
mechanism acting under mitochondrial fission-mediated migration 
has yet to be elucidated. This is the first report finding that 
succinate-mediated mitochondrial fission regulates the functional 
migrated activities of hMSC. My study clearly showed that DRP1-
mediated mitochondrial fragmentation by succinate is vital to 
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enhance cellular respiration, indicating that succinate-induced 
mitochondrial morphology alteration can be a target to regulate 
hMSC physiological cellular function. My study clearly 
demonstrated that mitochondrial ATP is an important part of the 
physiology of stem cells. I confirmed that mitochondria fission 
resulted in an increase in the number of mitochondria with 
redistribution in the direction of hMSC migration, indicating 
lamellipodia and filopodia (Figure 9), and hypothesized that 
mitochondrial redistribution plays important roles in transporting 
other organelles which can maintain cellular homeostasis and supply 
energy to where it is needed (Kaksonen et al., 2006).  
It has also been reported that a high glucose level makes 
mitochondria fragments which are necessary to increase respiration, 
consequently inducing ROS production (Yu et al., 2006). However, 
the interaction between succinate and the mitochondrial functions 
during stem cell migration has not been investigated extensively. 
Mild ROS have been emerged as a signaling molecule that regulates 
a broad range of cellular functions, and my study showed that ROS 
affected by succinate at physiological levels regulates hMSC 
migration as a signaling molecule (Panieri and Santoro, 2015). 
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Although ROS is widely known rapidly to induce a cellular response, 
previous studies have demonstrated that sustained ROS generation 
is involved in the wound healing process in zebra fish, and further 
study must be done in the area of stem cell physiology (Gauron et 
al., 2013). My work showed that sustained mtROS can be a key 
molecule to regulate hMSC behavior. There have been several 
reports that mtROS can induce cell migration via various forms of 
downstream signaling in endothelial cells (Wang et al., 2011) and 
that mutations in mitochondrial DNA (mtDNA) induce the 
overproduction of mtROS resulting in tumor cell metastasis together 
with cell migration (Ishikawa et al., 2008). ROS can activate the 
Rho small GTPase family during cell migration. There is evidence 
that ROS generated by NOX directly regulate cytoskeleton 
organization in relation to cofilin activity, a major regulator of actin 
polymerization (Bernstein and Bamburg, 2010). It is not clear 
whether succinate influences additional cytoskeleton reorganization 
such as a loss of cell adhesion or other independent cellular 
signaling activities. My data, however, clearly showed that mtROS 
activated Rho small GTPase activity which regulates profilin and 
cofilin activity in the actin filament assembly. My study also 
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suggests that mitochondrial fission, mtROS and cell migration are 
functionally linked, therefore, further study is required to elucidate 
the molecular mechanisms associated with mitochondrial dynamics 
during the regulation of stem cell behavior and wound healing more 
precisely.  
To the best my knowledge, this is the first reports that 
mitochondrial dynamics under succinate-induced GPR91 activation 
regulates the functional migrated activities of hMSC. Interestingly, 
my in vivo data clearly showed that DRP1 plays a critical role in not 
only GPR91-mediated hMSC migration but also that hMSC ’ s 
clinical effect on skin regeneration. Contrary to my expectations, 
succinate alone treated mice group showed no positive effects on 
accelerating vascularity, indicating that succinate may have 
therapeutic potential only when treated with hMSCs. My in vivo data 
suggests that the TCA cycle metabolite is a very novel bioactive 
molecule to modulate hMSC mechanistic function through regulating 
stem cell mitochondrial functions in regenerative medicine in less 
time and at a lower cost. Further study may need to elucidate the 
full potential of succinate in stem cell-based therapy, although my 
results showed the effect, and have to be shown the potential of 
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developing new treatment designs involving for targeting migration 
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국 문 초 록 
 
숙신산에 의한 DRP1 인산화에 의해  
유도되는 미토콘드리아 분절이  




수의학과 수의생명과학 전공 
고 소 희 
지도교수 한 호 재 
 
줄기세포 대사물질들은 세포 증식이나 이동과 같은 줄기세포 행동을 
조절하고 있는 것으로 알려져 있다. 최근 들어 줄기세포 대사물질들이 
신호전달 물질로서 작용한다는 것이 보고되고 있다. 또한, 세포 대사 조
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절 과정에서 미토콘드리아 형태가 중요한 역할을 하고 있음이 알려져 있
다. 그러나 줄기세포 대사산물이 미토콘드리아 형태 변화를 통해 어떻게 
줄기세포 이동을 조절하는지는 명확하게 밝혀지지 않았다. 본 연구의 목
적은 줄기세포 대사산물인 숙신산이 미토콘드리아 역학 관련 단백질에 
대한 조절을 통해 인간 유래 중간엽 줄기세포 이동에 어떻게 관여하는 
지에 대해 규명하는 것이다. 본 연구에서는 인간 유래 제대혈 줄기세포, 
western blotting, co-immunoprecipitation, siRNA transfection, 
confocal microscopy, fluocytometer를 이용하였다. 그 결과는 다음과 
같다.  
 숙신산은 줄기세포 이동을 GPR91를 통하여 유의적으로 증가시켰다.
또한 숙신산은 Gαq 과 Gα12 를 통하여 PKCζ 인산화를 증가 시켰다. 
활성화된 PKCζ는 p38 MAPK을 인산화 시켰으며, 이는 미토콘드리아 
역학 단백질인 DRP1을 인산화 시켜 미토콘드리아 분절을 유발하였다. 
숙신산에 의한 미토콘드리아 분절은 미토콘드리아 기능에 영향을 미쳐, 
세포 내 ATP 양, 미토콘드리아 막전위, 미토콘드리아에서 생성되는 
ROS의 증가를 유도하는 것으로 관찰되었다. 증가된 미토콘드리아 ROS
는 Rho GTPase들을 활성화 시키고, F-actin 형성을 증가시켰다. 피부 
상처 치유 모델에서, 숙신산을 전 처리한 줄기세포 처리 군이 대조군과 
비교하여 혈관 재형성 및 재 상피화의 속도를 증가시켜 더 빠른 상처 치
유를 유도하였고, 이는 drp1 siRNA 처리군에서 모두 감소되었다.  
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결론적으로 숙신산은 GPR91 수용체를 통해 PKCζ/p38 MAPK을 활
성화시켰으며, 활성화된 p38은 DRP1을 인산화하여 미토콘드리아 분절
을 일으켰다. 미토콘드리아 분절에 의한 미토콘드리아 ATP 생산 및 막
전위의 증가는 미토콘드리아 ROS 발생을 유도하였으며 Rho GTPase를 
활성화하고 결국 F-actin 형성 촉진을 통하여 줄기세포 이동을 향상시
켜 상처치유속도를 증가시켰다.  
 
주요어 : 숙신산, GPR91, 미토콘드리아 역학, DRP1, p38 MAPK, 활성
산소, 인간 유래 중간엽 줄기세포 
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